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ABSTRACT 

Populations of Daphnia pulicaria were maintained under laboratory condit.ions of con- 
stant food supply and temperature. Varying percentages of the newborn were removed 
from the populations at four-day intervals. Mean size of the residual populations de- 
creased with increasing removal rate, while yield and yield per individual increased. Mean 
differences between the number of animals present at successive censuses after removal of 
the newborn decreased with removal rate while mean differences between successive 
yields increased. The sum of mean difI’ercnces in residual population and yield was a 
constant, independent of removal rate. That is, total variability in the population- 
removal system was not changed by removal rate, although the variability was divided 
between yield and residual population. The ratio of yield variability to population vari- 
ability was dependent on removal rate and on the fact that only newborn animals were 
removed, but was independent of food supply and temperature differences between popula- 
tions. This ratio also may be independent of the physiological peculiarities of Daphnia. 
Median life expectancy of the survivors was increased 13-15 days when the removal rate 
was increased from 25% to 90% of the newborn. The median life expectancy with 90% 
removal was 32 to 36 days. 

INTRODUCTION 

While there have been many studies of 
population growth in the laboratory, until 
recently there have been no published 
laboratory experiments on exploitation or 
predation of populations in the laboratory. 
The present experiments were therefore 
started in March 1954 to determine experi- 
mentally the effect of removal of varying 
percentages of newborn animals from popu- 
lations of Daphnia pulicaria. It was hoped 
that the effect of predation on these popu- 
lations could be determined in the labora- 
tory without the obscuring factor of 
environmental change. 

Concurrently and independently two 
similar studies were being conducted, one 
by Nicholson (1954a) using Lucilia cu- 
prina and one by Watt (1955) using Tri- 
bolium conjusum. Due to the taxonomic 
and ecological disparities between the 
organisms used, these studies arc comple- 
mentary and will be compared in greater 
detail below. 

The role of theoretical and experimental 
models in jishery exploitation 

theory 
In the process of exploiting any non- 

domesticated population of organisms, man 

assumes the role of a predator. He differs 
from a non-human predator in his ability 
to attempt to calculate his strategy of 
predation so as to maximize both his profit 
and the likelihood that the exploited rc- 
sources will persist from year to year. 
These maximizations may be mutually in- 
compatible in particular cases, but as a 
rule both are considered in designing an 
exploitation program. Extra-biological fac- 
tors often influence exploitation procedure. 
These may include such things as the 
aesthetic or political opinions of the con- 
suming public or mechanical problems of 
packing or transportation, 

It is obvious therefore that no one ex- 
ploitation theory can be considered uni- 
versally applicable. It can be demanded, 
howcvcr, that any theory purporting to 
deal with the purely biological aspects of 
an exploitation situation must be powerful 
enough to account for at least the mini- 
mum of biological complexity that might 
be expected to arise in the natural world. 

In particular, all exploited populations, 
to our knowledge, are composed of multi- 
cellular organisms. It is only recently that 
models which acknowledge the difference 
between individual animals of a population 
of metazoans have been constructed. The 
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work of nicker (1954b), Beverton (1953), 
Slobodkin (1953b), and Watt (1955) arc 
typical examples of these models. 

Two of these models have been applied 
to laboratory or field data. Bcverton has 
discussed the applicability of his model to 
the plaice fishery, and Dickie and Mc- 
Cracken (1955) have applied the same 
model to a flounder fishery. nicker has 
applied his model to the data of Pratt 
(1943) on laboratory populations of Daphnia 
magna. While Bcverton’s model has been 
used for prediction, to date the predictions 
have not been tested. Rickcr’s analysis of 
Pratt’s Daphnia data produced a graph of 
t)hcoretical population size against time 
which was very similar to the actual ob- 
servations. Both of these models make 
empirical assumptions which detract from 
their generality. Bevcrton assumes a con- 
stant recruitment of new stock and nicker 
assumes that mortality is independent of 
population density after sexual maturity. 

While the models of Slobodkin and Watt 
are almost completely general, they also 
involve such a large number of fitted con- 
stants as to be inapplicable to any real 
situation. What is required is a model or 
a set of generalities which combines the 
applicability of Beverton and nicker with 
the flexibility of the other two. 

This study has been undertaken in the 
hope that empirical conclusions derived 
from an extremely simplified system may 
facilitate formation of more satisfactory 
theories of exploitation, or at least be of 
help in determining the minimum level of 
complexity of even the simplest of ex- 
ploitation systems. 

Population dynamics of Daphnia 

Daphnias arc par titularly convenient 
organisms for population studies. They 
arc normally parthenogenetic, so that both 
genetic heterogeneity and complex sex 
bchaviour arc absent. Since they arc 
aquatic filter feeders the geometric com- 
plexity of the culture vessels is minimized. 
The animals of a population interact with 
each other only through their effect on the 
food supply, thereby eliminating social 
complexity from the system. 

Normal population growth in Daphnia 
has been examined in Daphnia magna 
(Pratt 1943), D. pulicaria (Prank 1952) 
and D. obtusa (Slobodkin 1954). The 
pattern derived from these studies has not 
been reexamined in the present experiments 
but there is no reason to doubt its applica- 
bility. 

Briefly outlining the normal population 
pattern of Daphnia, mean population size 
is determined exclusively by the rate of 
feeding in any constant set of physical 
conditions. There is no evidence at all 
of any metabolites, or any other intcrac- 
tion between animals except competition 
for food (Slobodkin 1954). The feeding 
rate varies with the size of the individuals 
(Ryther 1954) as do the food requirements 
for survival. The growth rate of animals 
of any particular age depends on their food 
supply (Rodina 1.946) and on their previous 
nutritional history (Slobodkin 1954). The 
same statements apply to the reproductive 
rate. Detailed quantitative interactions of 
age, growth, reproduction, previous history, 
and food supply have not yet been worked 
out. 

Due to the differences between the in- 
dividual animals in the population, oscilla- 
tions in population size are found even in 
the most carefully controlled environments. 
Under certain conditions of tempcraturo 
these oscillations eventually disappear and 
a population equilibrium occurs in which 
the total number of animals, reproductive 
rates, growth rates, and size-frequency 
distribution remain invariant with time 
(Pratt 1943, Slobodkin 1954). 

Fluctuations occur in the present experi- 
ments, which may be either internal or 
determined by environmental changes. 
The cause of the fluctuations is irrelevant 
to the conclusions to be drawn. 
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TECHNIQUE 

The proccdurc followed in these cxpcri- 
ments was a modification of that rcportcd 
by Slobodkin (1954). 

Populations were started with from ten 
to thirty adult animals in 50 cc of condi- 
tioned water. The animals wcrc counted, 
dead were removed, the water was changed, 
and the appropriate number of living 
animals was removed every fourth day. 
The populations were fed a measured 
amount of Chlamydomonas Reinhardi either 
every other day or every fourth day. At 
the time of counting the populations wcrc 
divided into four arbitrary and subjective 
size categories : young, small adolescent, 
large adolescent, and adult, The number 
of eggs in the brood chamber of fertile 
females was counted. 

Fixed pcrccntages of the newborn ani- 
mals were removed. In cases whcrc the 
number of animals to be removed was 
fractional the next lowest whole number of 
animals was removed. The removal per- 
centages listed are therefore maximum 
values, so that “not more than 25 % re- 
moval” should be read for “25 % removal” 
and similarly for the other removal rates. 

The water used in these experiments 
was Ann Arbor tap water which was stored 
in a large concrete tank containing attached 
algae, clams, and several small fish. The 
water was acratcd and lighted continu- 
ously. 

The experimental containers wcrc soft 
glass, wide-mouthed bottles of approxi- 
mately 130 cc capacity and 6 cm outside 
diameter. Glassware was washed in the 
way indicated in Slobodkin (1954) with the 
added precaution of rinsing with dc-min- 
eralized distilled water. 

The algae were raised on sterile agar 
plates. The algal medium is indicated in 
Table 2. 

The algae were suspended in conditioned 
water and the concentration of the suspen- 
sion was measured with a Klctt photometer 

TABLE 1. Dates of initiation and terwLination of 
experimental populations, and initial number of 

animals (adult fernales) in the populations 
The populations of series H-15 have not been 
listed sepsratcly in the table. The populations 
of this series were maintained at O%, 25%, 50%, 
75%, and 90% fishing r&es and were all initiated 
with 20 adult animals on June 29, 1954, and were 

terminated on March 31, 1955. 

Series Fishing Date started Initial 
rate size 

L-19 0% March 18, 1954 20 
All terminated 25% March 16, 1954 15 
March 29, 1955, 38y0 October 4, 1954 20 
except 66% & 50% January 12, 1955 30 
33% 66% October 4, 1954 20 

75% July 20, 1954 20 
90% March 14, 1954 20 

H-19 0% July 11, 1954 52 
All terminated 25% October 5, 1954 20 
March 30, 1955 50% September 11, 1954 30 

75% July 11, 1954 20 
90% July 11, 1954 20 

._____- 

TABLE 2. Nutrient agar for growing 
C?Llanzydomonas 

*Beycrinck’s solution 100 cc 
Soil extract 50 cc 
Distilled, demineralized water 850 cc 
3 drops 1% aqueous FeC13 
Agar 15 g 

“Beyerinck’s solution 

Distilled, demineralized water looo cc 
NHdNOz 0.5 g 
&HP04 0.2 g 
MgSOa + 7HzO 0.2 g 
CaClz. 2HzO 0.1 g 

using a red (no. 64) filter. An amount 
OF this suspension sufficient to give a Klett 
reading of 5 in 50 cc of medium was added 
to the Daphnia populations at each feed- 
ing. For example, one cc of a suspension 
with an initial Klett reading of 250 would 
constitute one feeding . 

All the populations were kept in dark 
incubators cxccpt during the actual counts. 

There were three experimental series of 
populations. One, kept at 15°C and fed 
every other day will bc referred to as 
H-15. One, kept at 19°C and fed every 
other day will bc referred to as H-19. 
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One, kept at 19°C and fed every fourth 
day will be referred to as L-19. 

In all three series populations were main- 
tained at removal rates of 0, 25, 50, 75 and 
90 per cent of the newborn. In series 
L-19, populations were also maintained at 
removal rates of 33 and 66 per cent of the 
newborn for brief periods. 

The number of newborn animals in a 
population was computed by taking the 
sum of the living and dead animals founcl 
in the container at any particular count 
and subtracting from this the number of 
living animals returned to the container 
after the previous count. 

The fishing procedure consisted of multi- 
plying the number of newborn by the ap- 
propriate fishing rate, rounding off the 
product to the next lowest whole number 
and removing the appropriate number of 
animals at random from the newborn. 
The term “random” is used in a limited 
sense. For example, if twenty-five per 
cent of the newborn were to be removed 
from a particular population, the individual 
doing the counting placed three successive 
animals in the new culture vessel and dis- 
carded the fourth. The animals were taken 
in order of catching with a medicine dropper. 

Fairly often the number of animals in 
the “young” size-category was not equal to 
the calculated number of newborn, If the 
number of young animals was in excess of 
the calculated number of newborn it was 
assumed that the growth rate of the new- 
born animals remaining after the previous 
census was so low as to prevent them from 
growing into the “small adolescent” siee- 
category in the interval between counts. 
If the number of young animals was less 
than the number of newborn we assumed 
that the growth rate of the newborn ani- 
mals produced since the last census had 
been sufficiently rapid to permit them to 
grow into the small adolescent sizc-category 
in the interval bctwecn their birth and their 
first census. 

In the first case the number of animals 
removed from the young size-category was 
the number derived from the product of 
the fishing rate and the calculated number 

of newborn. That is, in a twenty-five per 
cent fished population with four newborn 
animals, only one animal would be removed 
regardless of the number of young animals 
found. 

In the second case the appropriate per- 
centagc would be removed from the young 
category and the remainder removed from 
the small adolescents. On rare occasions 
the calculated number of newborn exceeded 
the total number of young and small adoles- 
cents together, in which case large adoles- 
cent animals were also removed. In no 
case did an animal grow into the adult 
category between counts. 

There are two sources of error in this 
procedure: 1. fractional animals were left 
to the population; 2. any animals that 
died and decomposed completely between 
counts would tend to increase the estimated 
number of newborn. These two sources 
of error counteract each other to some ex- 
tent., The first is probably not of major 
importance. The second is probably not 
significant at the temperatures used. New- 
born Daphnia show characteristic oil 
droplets which act a.s a check on the cal- 
culated number of newborn to some degree. 
In short, there is an unknown amount of 
error in the procedure, but the mutual 
consistency of the results indicates that 
this error is not appreciable. 

The percentage of the animals which 
wcrc to be removed from any population 
was fixed at the initiation of that popula- 
tion and was not changed during the life 
of the population. 

The present experiments more closely 
simulate natural predation than commercial 
fishing since we removed newborn animals 
rather than adults. At the present stage 
of cxpcrimental analysis it seemed ad- 
visable to deal with a system that showed 
promise of being extremely simple. Further 
experiments, in which adult animals arc 
removed, are now in progress. 

EXPERIMENTAL RESULTS 

Mean population size and yield 

While temporal variation is of particular 
interest in these studies, it is simplest t;o 
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first analyze the values of yield and popu- 
lation size taken as averages over the entire 
history of the individual populations. 
These means are distorted by the fact 
that the initial population size was’ in- 
dependent of the fishing rates but, as will 
be demonstrated below, the effect of initial 
population composition is insignificant after 
sufficient time has elapsed. 

We will use the term “population size 
or “size” to mean the number of animals 
present in the population after the com- 
pletion of the counting and fishing pro- 
cedure. The term “total standing crop” 
will bc used to refer to the number of ani- 
mals prcscnt in the experimental containers 
prior to fishing, following the usage of Watt 
(1955). 

In all three experimental series, mean 
population size decreased with fishing 
intensity (Fig. 1). In general the decrease 
was non-linear. This is particularly well 
demonstrated in series H-15. The dc- 
partures from a smooth non-linear decrease 
shown by series II-19 and L-15 are artifacts 
caused by premature termination of the 
experiments. In particular, the mean size 
of the 0% fished population of H-19 is 
excessively high as are the means of the 
25 % and 0% fished populations of L-19. 

Average yield increased with fishing 
rate, with a consistent maximum at 90% 
fishing. The average yield over infinite 
time OF a population fished at a rate of 
100% is obviously zero, so that the yield 
at 100 % fishing has been assigned a value 
of zero in all three series. 

The yield from any population is the 
increase above the requirements for popu- 
lation maintenance, expressed either as 
growth or reproduction, multiplied by the 
total number of individuals in the popula- 
tion. Yield per individual was accordingly 
computed by dividing the mean yield of 
each population by mean population size. 
This is indicated in Figure 1. Since the 
major portion of the yield was in animals 
of uniform size, biomass yield and nu- 
mcrical yield are directly proportional. 
The yield per individual is a smooth, non- 
linearly increasing function of fishing rate 
in all three series. 

Variability in total population size 

In Figures 2, 3, and 4 are indicated total 
population size as a function of time in all 
three series. There is some fluctuation in 
size in every population. At the moment 
it is impossible to state precisely what 
proportion of the total variability is due to 
slight alterations from time to time in the 
environment. The dcgrec of correlation 
bctwecn different populations would in- 
dicate some environmental variability. 
Comparison of these figures with other 
published graphs of Daphnia populations 
indicates that at least some of the fluctua- 
tion is due to the internal population ad- 
justment mechanisms outlined in the 
introduction and discussed in detail else- 
where (Slobodkin 1954). 

Size-frequency distribution, jishing 
rate, and stability 

Stability characteristics have bcon par- 
tially defined for natural communities by 
MacArthur (1955). The interaction be- 
twcen stability and reproductive patterns 
in a restricted single species population 
model has been discussed by Rickcr (1954a, 
b). Existence criteria for population equi- 
librium, implicitly containing necessary 
but not suflicient conditions for single 
species population stability, have been 
developed for a more general model by 
Slobodkin (1955). It is now possible to 
demonstrate an experimental correlation 
bctwecn population stability and size- 
frequency distribution. 

In Figures 5, 6, and 7 the total number 
of animals in each of the four size-categories 
has been summed over the entire census 
period for caeh population. 

In series H-15 (Fig. 7) all of the popula- 
tions were maintained for an identical 
length of time so that the absolute heights 
of the histogram bars are comparable. It 
will be noted that in this series the number 
of animals in each category decreases with 
fishing intensity, demonstrating that the 
reduction of population size with fishing 
intensity is an actual reduction in biomass 
and not merely a decrease in numbers. 

In all three series the relative number of 
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animals in the three smaller size-categories 
changes in a regular way with fishing in- 
tensity. With 0% fishing there is a prc- 
ponderance of young animals and a mini- 
mum of large adolescent animals. It must 
be emphasized that these terms are size 
categories and not age categories. It is 
impossible to determine the age of individ- 
ual animals in these populations once they 
are older than four days. As fishing in- 
tensity increases, the disparity between 
the number of animals in the three smaller 
size-categories decreases until at 90% 
fishing the number in these three cate- 
gories is approximately equal. 

It can be shown theoretically that 
given an animal with a rectangular sur- 
vivorship curve (Dcevey 1947), in which 
mortality affects primarily old individuals 
and is concentrated in a narrow age span, 
the relative number of animals in any 
size-category in an equilibrium population 
is inversely proportional to the first deriva- 
tive of the growth curve of an individual in 
that size-category. That is, the faster the 
animals grow through any size range, the 
smaller the number of animals that will be 
found in that size range at population 
equilibrium. Incidentally, the number of 
animals in any two equal age-intervals of an 
equilibrium population with a rectangular 
survivorship curve is identical. 

Pratt (1943) and Anderson and Jenkins 
(1942) have demonstrated that there is very 
little mortality prior to the adult stage in 
Daphnia magna, and l?rank (1952) has 
repeated these observations for Daphnia 
pulicaria (not, however, the same strain as 
that used in these cxpcrimcnts). It stems 
safe to assume the mortality pattern of the 
present strain of Daphnia pulicaria to bc 
similar to that found by these workers. 

It has been shown by Anderson, Lumer, 
and Zupancic (1937) and Tonolli (1947) 
that the growth curve of an individual 
Daphnia consists of a decelerating increase 
approaching an upper asymptote, with a 
remarkable short accelerating phase at the 
young end. 

It is to be expected, therefore, that the 
size distribution in equilibrium populations 
of Daphnia pulicaria should be approxi- 

mately the same as that found in the 90% 
fished populations. Similar size distribu- 
tions have been found in equilibrated popu- 
lations of Daphnia magna (unpublished 
data of David Pratt) and Daphnia obtusa 
(Slobodkin 1954). The size-frequency dis- 
tributions found at low fishing intensities 
are clearly incompatible with population 
equilibrium. WC might expect that sta- 
bility of the populations should be propor- 
tional to the fishing rate. This expecta- 
tion can be confirmed intuitively by ex- 
amining Figures 2, 3, and 4. 

Food consumption, jishing rate, 
and stability 

Considering the Daphnia populations as 
simple feedback systems (Wiener 1948), the 
degree of instability is proportional to the 
time lag in the reactions of the populations 
to alterations of the environment. The 
greater the time lag between the moment 
an adjustment to environmental alteration 
is started by a population and the com- 
pletion of that adjustment, the more un- 
stable the population. 

There are three major lag effects inherent 
in almost all metazoa. An animal born 
at one instant dies at some subsequent 
instant. An animal born at one instant 
begins to reproduce at some subsequent 
instant. An animal born at one instant 
will make a certain contribution to popu- 
lation density at that instant, and this 
contribution to population density may be 
expected to change as the animal grows 
older. The first two of these sources of 
instability arc essentially immune to modi- 
fication by fishing. The third can bc 
completely eliminated by suitable cx- 
ploitation. 

If the total contribution to population 
density of a group of animals immediately 
after their birth is x, which is just sufficient 
to restore population density equilibrium, 
and the total contribution to population 
density by these animals at the age of 
maximum density contribution is x + y, 
then the portion of their density contribu- 
tion which will contribute to population 

instability is ~JI. Removal of Y ___ of the 
x+Y 
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animals at birth will minimize this source 
of oscillation. 

From the life table data of Pratt (1943), 
the weight-increase data of Edmondson 
(1955), the feeding rate observations of 
Ryther (1954), and the fact that Daphnia 
populations are limited solely by food 
supply (Slobodkin 1954), it is possible to 
estimate that the density contribution, i.e. 
the food consuming capacity, of a group of 
Daphnia at birth is from one-sixth to one- 
tenth the density contribution of the same 
group at maturity, assuming complctc 
survival of the members of the group to 
maturity. The minimization of popula- 
tion ,fluctuations at 90% fishing rates, 
which has been found in these experiments, 
would bc expected on the basis of this 
analysis. 

It is of interest that fluctuations were 
not damped to the same degree by 90% 
fishing in the experiments of Nicholson 
(1954a). He was removing adult flies from 
populations of Lucilia cuprina. These 
flies had already made their chief contribu- 
tion to population density. 

It seems possible that the same argu- 
ments might apply to the exploitation of 
any density-dependent natural population. 
In general, if the minimum marketable 
size consists of a group of animals whose 
total contribution to population density is 
x, and the density contribution of the same 
group at maturity is x + y, removal of the 

Y animals at the rate of -_ 
X-I-Y 

will minimize 

fluctuations from this source. 
This assumes no inherent incompatibility 

between satisfying this condition and satis- 
fying the equilibrium condition indicated 
above; that the relative number of animals 
in any size category of an equilibrium 
population is proportional to the inverse 
of the growth rate of an individual of that 
population at any particular size, multi- 
plied by a correction term computed for 
each size as the product of the survival 
rates of all smaller size categories. 

The partitioning of variability between 
yield and population sixe 

While it is intuitively apparent that the 
heavily fished populations are less variable 

in size than the less heavily fished popula- 
tions (Figs. 2, 3, and 4), it seems desirable 
to quantify this variability in some way. 
Recent work and controversy have amply 
demonstrated the dangers of most of the 
methods used to search for “cycles”, 
periodicities, or even variability in popula- 
tion data (Hewitt 1954). We have never- 
theless attempted to get a measure of total 
variability by summing the differences 
between successive counts regardless of 
sign for each population. 

Variability in this scnsc has been com- 
puted for both total standing crop and 
population size and, since the length of 
time of observation varied from popula- 
tion to population, the total variability 
has been divided by the number of censuses 
giving mean change per census for each 
population (Table 3). 

The total standing crop variability repre- 
sents the sum of the variability in popula- 
tion size and in yield. If the total varia- 
bility of the population-yield system was 
being changed by fishing we would expect 
some significant relation between total 
standing crop variability and fishing rate. 
It can be seen from Figure 8 that there is 
no significant relation at all. 

TABLE 3. Mean total standing crop, yield, popu- 
lation size, and variabilhy in total standing crop 

and in population size 

Popula- 
tion 

H-19 
0% 

25% 
50% 
75% 
90% 

H-15 
0% 

25% 
50% 
75% 
90% 

L-19 
0% 

25% 
33% 
50% 
66% 
75% 
90% 

- 

b 

- - 

- 

lean total 
standing 

crop 

- 

L 
P 

- 

Mean 
opulation 

size 
__-_- 

90,833 90.833 
66.900 64.341 
66.449 59.898 
66.499 48.287 
59.272 35.530 

66.072 66.072 
67.043 63.899 
55.115 48.666 
59 * 145 44.696 
45.782 26.289 

38.032 38.032 
42.053 39.893 
31.75-l 29.063 
36.026 30.821 
25.773 20.909 
28.667 21.635 
25.663 14.874 

- 

Mean 
yield per 

census 

0 
2.659 
6.551 

18.212 
23.742 

0 
3.144 
6.449 

14.449 
19.493 

0 
2.160 
2.688 
5.205 
4.864 
7.032 

10.789 

- 
V 

_- 

- 

‘ariabilit) 
in total 
standing 

crop 

rariabil- 
ity in 

popula- 
ion size 

14.892 14.892 
14.023 11.930 
13.714 9.020 
19.061 6.323 
17.108 3.369 

11.809 11.809 
11.250 9.456 
10.544 6.926 
12.074 4.735 
14.265 3.691 

6.731 6.731 
10.000 8.351 

9.583 6.521 
10.615 6.256 
7.222 4.022 
9.159 3.143 

10.347 2.295 
- 
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FIG. 8. Variability in total standing crop as a 
function of fishing rate. Variability is defined as 
the sum of the absolute differences between suc- 
cessive counts of total standing crop, divided by 
the number of ccnsuscs. The values at 33% and 
66% removal arc probably abcrrnnt. There is no 
significant relation between total standing-crop 
variability and fishing rate. 
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FIG. 9. Variability in population size as a 
function of fishing rate. Variability is defined as 
the sum of absolute differcnccs bctwccn successive 
counts of population siac (i.e. animals remaining 
after fishing) divided by the number of censuses. 
Them is a significant decrease of population-size 
variability with increased fishing. 

The decrease of population size varia- 
bility shown in Figures 2, 3, and 4 is more 
clearly demonstrated in Figure 9 whcrc 
variability in population size is plotted 
against fishing rate. 

Variability in yield can be computed as 
the difference between total standing-crop 
variability and population-size variability. 
Yield variability has been plotted against 
fishing intensity in Figure IO, demon- 
strating the increase of yield variability 
with fishing intensity. 

X-H 19 

e---H I5 

A ----L I9 

ll I I I I I 

0 20 40 60 60 100 
% FISHING 

FIG. 10. Variability in yield, measured as the 
difference between total standing-crop variability 
and population-size variability, as a function of 
fishing rate. There is a significant increase of 
yield variability with fishing rate. 

WC conclude that fishing simply divides 
a fixed amount of total variability into two 
portions, one being assigned to the yield 
and the other to the population size. It is 
now necessary to find out what properties 
of the system determine the relative 
amounts of variability in the two com- 
ponents. 

1-P If we replace the fishing rate by ____ 
P ’ 

where p is the percentage removal, and 
plot this against the ratio of yield varia- 
bility to population variability, an cqui- 
lateral hyperbola is produced (Fig. 11). 
The total range of calculated values for 
the coordinates of the focus of the hy- 
perbola, computed as a, a, where 

a= J 2 (1 - p) yield variability ___- 
P population variability 

is 0.630 to 1.384 with a mean of 1.002 
(Table 4). 0 n a double log plot, Figure 11 
is a straight lint with slope of - 1. The 
5 % confidence-limits of the slope are 0.86 
and 1.18, by the Kendall sum method 
(Tukcy 1950). This confirms the hy- 
perbolic pattern of Figure 11. 

Due to the close similarity between the 
three experimental series we can conclude 
that in Daphnia pulcaria the apportioning 
of total variability between yield and the 
residual population is independent of tcm- 
perature and food supply. 

This result is not particularly surprising, 
but it is surprising to find that the relation 
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FIG. 11. The ratio of yield variability to 
population-size 
i l fishing rate 

variability plotted _ - against 

fishing rate ’ The focus of this hyperbola is 

indicate> by X at the point A = 1, 1. The 
total range of calculated values for the focus (with 
the exception of the data from population L-19 
33%) is indicated by the diagonal line through X. 

can bc expressed by a simple hyperbola of 
unit focus. If the shape of Figure 11 were 
free to vary from species to species it would 
seem highly unlikely that the first, species 
examined experimentally would be de- 
scribable by such simple constants. We are 
tempted to conclude tentatively that the 
relation shown in Figure 11 is independent 
of the precise physiology of Daphnia 
pulicaria, and that it either would be found 
in all other species examined or that all 
species arc divisible into a fairly small 
number of classes, for which the shape of 
the relation would vary from class to class 
but, would be constant within each class. 
Implications of this conclusion are examined 
in the discussion. 

We have already suggested that removal 
of newborn animals will probably have a 
greater tendency to lower population vari- 
ability than would removal of older ani- 
mals. If this suggestion is valid, then the 
shape of Figure 11 will depend on the 

TABLE 4. Calculated values of a for the hyperbolic 
relation shown in Figure 11 

x= 
variability in yield -. 

variability in population size ’ 
1 

Y 
- fishing rate 

= fishing rate ’ a = 42~~; 

focus is at point a, a. 
.---_ 

Population x XY a 

H-19 25QJo 0.175 0.525 1.025 
50% 0.520 0.520 1.020 
75% 2.015 0.665 1.153 
90% 4.078 0.449 0.948 

H-15 25% 0.190 0.570 1.068 
50% 0.522 0.522 1.022 
75% 1.550 0.512 1.012 
90% 2.865 0.315 0.794 

L-19 25% 0.198 0.594 1.090 
33% 0.470 0.940 1.371* 
50% 0.697 0.697 1.176 
66% 0.796 0.398 0.892” 
75% 1.914 0.632 1.124 
90% 3.509 0.386 0.873 

(* These values are from populations which 
had not yet reached stable mean size estimates 
and are probably not as trustworthy as the other 
values .) 

fishing method. This conclusion is now 
being tested experimentally. 

A hyperbola could be derived by as- 
suming that variability in population size 
is proportional to population size. If our 
decrease of population variability were 
simply a reflection of decreased popula- 
tion size it would have as a consequence 
that variability per animal would itself be 
independent of population size. It is 
found however, by a graphical corner test 
(Bliss and Calhoun 1954: 197), that there 
is a significant increase of variability per 
animal (P less than .05) with increasing 
population size (Fig. 12). This confirms 
our previous analysis and specifically denies 
the contention that our observed reduction 
of variability with increased fishing was 
mcrcly an effcc-l; of reducing total popula- 
tion size. 

Life expectancy as a function of 
fishing intensity 

If our argument on the relation between 
stability and size-frequency is valid, we 
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FIG. 12. The relation between mean population size and variability in population size per animal 
per census, demonstrating that the reduction of population-size variability at high fishing intensities 
was not simply due to a decreased population size. Horizontal and vertical lines have been drawn 
through the median points. 

SURVIVORSHIP CURVES OF DAPHNIA PULlCARlA 
( AFTER FRANK 1952 1 
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FIG. 13. Survivorship curves for Daphnia pulicaria, adapted from Frank (1952). The terminal 
portions of each curve are extrapolations. The survivorship curve for population density 3.5 has been 
interpolated. 

should be able to demonstrate that the 
shape of the Daphnia pulicaria survivor- 
ship curve does not vary excessively with 
changes in population density. We can 
estimate the shape change by determining 
the ratio between mean and median life 
expectancies at the various population 
levels. Median life expectancy can be 
calculated from our data, while mean life 
expectancy can be determined by com- 
bining our data with the survivorship 
data of Frank (1952). 

Knowing the mean sjzc of a population 

which is neither increasing nor decreasing 
without bounds and knowing the mean 
rate at which the animals of that popula- 
tion are being replaced, it is possible to 
determine the median life expectancy of 
animals in that population, assuming that 
the replacement rate is effectively constant 
with time. The computation is a simple 
iterative process in which the rcplacemcnt 
rate is computed as the quotient of mean 
number of animals entering the population 
per unit time divided by mean population 
size. This replacement percentage is then 
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multiplied by an arbitrarily chosen number 
(100 for the sake of simplicity). The 
resultant product is then subtracted from 
the original number, the differcncc is again 
multiplied by the replacement rate, and 
the subtraction is repeated. The number 
of times that this process must be repeated 
in order to reduce the original number to 
one-half its original magnitude is equal, in 
time units used, to the time required for 
one-half of the animals to be replaced, or 
simply to the median life expectancy. 

Mean population size could bc immcdi- 
ately computed from existing data. Re- 
placement rates for the fished population 
were computed by assuming that the num- 
ber of surviving newborn was equal to 

c 
1-P ~ times the mean yield 

P 
the percentage fishing. 

> 
, where p is 

No computation of median lift expectancy 
was made for the unfished populations 
since not so great care was exercised in 
recovering all of the dead animals at cen- 
susing, making computation of the mean 
number of newborn less satisfactory than 
in the fished populations. 

Calculated median life cxpectancics for 
all of the fished populations are listed in 
Table 5. It is clear that the median life 
expectancies of the animals that survive 
fishing in the highly fished populations 
are greater than those of the less highly 
fished populations, although the data do 
not permit more precise analysis of the 

TABLE 5. Median and mean life expectancy 

Population $& replacement Median life Approx. mean 
per census cxpec&~~y3 In life expectancy 

L-19 25% 13.05 19.8 17.7 
50% 16.89 15.0 
75% 10.83 24.2 
90% 8.06 33.0 31.4 

H-19 25Yo 12.40 21.0 17.8 
50% 9.14 29.0 
75% 8.03 33.2 
90% 7.43 36.0 34.6 

H-15 25a/, 
50% 
75% 
90% 

14.76 
13.25 
10.78 
8.24 

_- ..- 

17.4 15.6 
19.6 
24.4 
32.2 31.0 

relation between fishing and median life 
expectancy. The relation would be ex- 
pected on the basis of previous analyses 
which indicate that life expectancy is in- 
creased by increasing the food supply per 
animal (Slobodkin 1954). 

Mean life expectancy, the average age 
of animals at the time of their death, can 
only be computed when the shape of the 
survivorship curve is known (Dcevey 
1947). FVe have not conducted experi- 
ments to determine survivorship curves. 
Frank (1952) has published survivorship 
curves for Daphnia pulicaria maintained 
under constant “density” conditions. His 
experiments were discontinued before the 
last animals had died. It is still possible, 
nevertheless, to use his data to make some 
estimate of the relation between median 
and mean life expectancy in these experi- 
ments. 

Since Frank’s data are presented in 
terms of “density” it is first necessary to 
translate his density values into terms 
which are meaningful in the present context. 
Frank states that mean population size 
under conditions of constant feeding was 
equal to 8 animals per cc. Since we know 
that population size in unfished popula- 
tions is directly proportional to food supply, 
we can assume that the physiological con- 
dition of animals in an unfished popula- 
tion is essentially the same as that in a 
group of Daphnia living under a density of 
8 in Frank’s terminology. We can further 
assume that as population size is reduced 
by fishing in thcsc experiments the cquiva- 
lent “density” will be proportionately 
reduced. 

As will be explained below, there is some 
reason to believe that the estimates for 
mean size of the 25 % fished populations 
are somewhat more authoritative than 
those for the unfishcd populations. Also, 
as shown in Figure 1 the difference in mean 
size to be expected between unfished and 
25% fished populations in these experi- 
ments is small. We have therefore con- 
sidered that Frank’s density of 8 was 
equivalent to the mean density in 25% 
fished populations in these experiments. 

The ratios of the mean size of the 90% 
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FIG. 14. Cumulative mean population size as a function of time in series L-19. Note the departure 
from a stable estimate of the mean in the populations fished at rates of 3370, 5070, and 66%. 
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Fro. 15. Cumulative mean population size as 
a function of time in series II-19. Note that the 
estimate of mean population size in the unfished 
control was excessively high at the termination 
of the experiment. 

fished populations of series H-19, H-15, 
and L-19 to the 25% fished mean popula- 
tion size are 1.805, 2.430, and 2.685 respec- 
tively. The average ratio is 2.31. hs- 
suming the density equivalent of a 25 % 
fished population to be 8, the mean density 
equivalent of a 90% fished population is 
3.45. 

Frank’s experiments on survival were 
run at densities ranging from 9 to 1.5. No 
cxpcriments were conducted at densities 
of 8 or 3.45. Frank’s data were presented 
in units of median life expectancy. Con- 
sidering the median life expectancy of 
population H-19 25% to be 21 days and 
graphically determining the mortality per 
day from Frank’s published data for a 
density of 9, we can consider the mean life 
expectancy of population H-19 25% to be 
17.8 days. Similarly, mean lift expectancy 
acquired for the population H-19 90% 
(by graphically interpolating between 
Frank’s survivorship curves at densities of 
1.5 and 4.5 and extrapolating the terminal 
portions to zero survivors) is 34.6. 

The weaknesses of the procedure are 
obvious. We nevertheless feel that the 
median life expectancy of Daphnia pulicaria 
populations is from 1.18 to 1.06 times the 
mean life expectancy. The overall effect on 
the shape of the survivorship curve of 
increasing population density was not very 
great over the density range considered. 

The signijicance oj mean values 

Throughout our previous discussion we 
have been referring to mean values of 
various sorts derived from all of the data 
available about individual populations. 
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FIG. 16. Cumulative mean population size as a function of time in series H-15. 
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FIG. 17. Cumulative mean yield as a function of time in series L-19. 
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Since our populations are auto-correlated 
time series, the significance of these mean 
values cannot be determined by normal 
statistical techniques, which depend on the 

HIGH FOOD 
19°C 

AVERAGE YIELD 

FIG. 18. Cumulative mean yield as a function 
of time in scrics H-19. 

independence of successive estimates of the 
mean. 

We must, nevertheless, have some ob- 
jective criterion for determining the rela- 
tive degree of confidence that can be placed 
in these means, or in general there must be 
some criterion for determining when all 
of the available information has been ex- 
tracted from a given experimental popula- 
tion. If we consider any system which is 
fluctuating within certain bounds, the 
estimate of the mean state of that system 
over a given time interval will also tend to 
fluctuate.. The shorter the period over 
which the mean is estimated the less re- 
liance can be placed in it, and obviously 
the mean estimated over an effectively 
infinite length of time will not bc altered by 
subsequent observations of the system. 
That is, if, for example, we plot the cumula- 
tive mean size for a population (for the 
time interval prior to any particular time) 
against time we will find the graph of the 
cumulative mean will fluctuate greatly at 
first, and then as time goes on, new ob- 
servations will make relatively less differ- 
ence to our estimate of the cumulative 
mean, and the graph of cumulative mean 
size against time will approximate a straight 
horizontal line. When this stage is reached, 
we can confidently discontinue the experi- 
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ments, on the assumption that all interest- 
ing information has already been acquired. 

In Figures 14 to 16 cumulative mean 
population size has been plotted against 
time for all three experimental series. In 
general the terminal portions of these 
graphs are straight horizontal lines. In 
series H-19 the unfished population is not 
yet stabilized nor is the unfished population 
in series H-15, although the inadequacy of 
the size estimate is probably less in this 
case. There is an increasing trend of the 
estimate of the mean in series H-15 at 50 % 
fishing and decreasing trends are apparent 
in series L-19 at 0 and 25 % fishing. The 
estimates of the mean for the 33 %, 50 % 
and 66% fishing levels of series L-19 are 
weaker than the others. 

In Figures 17 to 19 cumulative mean 
yields have been plotted against time for 
the three series. In general, yield estimates 
are more likely to be in error than popu- 
lation-size estimates but the error is prob- 
ably not great enough to seriously distort 
the relation presented in Figure 1. 

DISCUSSION 

Many of the results of this investigation 
may be considered as suggestive but can- 
not, at the present time, be integrated 
into any general theory. Among these 
are the interaction bctwcen yield and fish- 
ing, population size and fishing, and the 
life expectancy effects. Some of the re- 
sults, particularly the interactions between 
fishing and stability, are probably of 
more immediate thcorctical significance. It 
should be borne in mind throughout that 
very few experimental exploitation studies 
have been attempted, so that comparative 
data are generally lacking. 

Population size and yield 

In the present experiments, yield per 
residual individual, increased in a non- 
linear way with fishing intensity while 
population size decreased non-linearly. It 
is apparent from elementary gcomctrical 
considerations that the product of two 
curves, one of which is increasing non- 
linearly and the other dccrcasing non- 
linearly, can be either a unimodal or bi- 

modal curve, depending on the prccisc 
shape of the original curves. If the type 
of relation between fishing intensity, popu- 
lation size, and increase per individual 
found in our experiments is at all general, 
then bimodal yield versus fishing intensity 
relations may prove to be fairly common. 
The low-fishing-rate maximum in the yield 
versus fishing intensity relation would be 
due to a large number of animals, each 
increasing at a relatively low rate. The 
high-fishing-rate maximum would reprc- 
sent a small number of animals each re- 
producing or growing at a very rapid rate. 
The intermediate trough would be due to 
a fishing intensity which has lowcrcd the 
population size enough to reduce the total 
yield, but not enough to permit compensa- 
tory increase in yield per individual. The 
precise pattern will depend on the mecha- 
nism of density interaction in the species 
involved. 

Stability in populations and 
communities 

Given any set of varying environmental 
factors, such as light, temperature, or the 
chemical composition of the air or water 
that surrounds the animals, different species 
will fluctuate to different degrees in popu- 
lation size. A two-day drought might 
destroy certain populations of insects com- 
pletely but have no noticeable effect on a 
population of elephants in the same region. 
We will use the term “intrinsic variability” 
to rcfcr to the rclativc degree of responsive- 
ness of populations of different species to 
environmental variation. A species with a 
high intrinsic variability will show more 
fluctuation than a species with a low in- 
trinsic variability when they are both 
subjected to identical environmental con- 
ditions. 

The “actual variability” will be taken 
to mean the observable fluctuations in 
population size in a particular environment 
and is considered to equal the product of 
the intrinsic variability and the fluctuations 
of relevant environmental factors (including 
interaction with other species in the com- 
munity). It seems intuitively clear that 
the overall actual variability that will be 
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found in a community of many species 
(defined in &he sense of MacArthur 1955), 
will be some combination of the actual 
variabilities of the component species. 

MacArthur (1955) has shown that the 
formal properties of the food web of a com- 
munity will determine its intrinsic stability 
in part. In particular hc has shown that, 
with a constant number of spccics in a com- 
munity, ithe intrinsic stability of the com- 
munity increases with the number of links 
in the food web. It is therefore clear that 
if we are ,going to dctcrminc the actual 
variability of a community as a combina- 
tion of the variabilities of the component 
species wc must take account of the food 
web and cannot simply sum the actual vari- 
abilities of the component species. 

We have demonstrated that in our fish- 
ing experimen& the total actual variability 
present in She population-predation system 
is unchanged by fishing rate. This means 
that the actual variability removed from 
the residual population in the form of yield 
variability is quantitatively transferred to 
the environmental variability (i.e. food 
supply) of the predator. A predator is, 
therefore, not only subjected to the varia- 
bility of the physical environment, which 
will also affect its prey, but also to the 
actual yield variability inherent in the 
process of predation. We can therefore 
consider that the predators should either 
fluctuate to a greater dcgrce than their 
prey or that the intrinsic variability of 
predators is in general less than that of 
animals lower in the food chain. 

As a matter of fact, predatory species 
show relatively less actual variability than 
their prey. Therefore we conclude that 
the intrinsic variability of predatory species 
is relatively low. 

This low intrinsic variability can be as- 
signed to several causes. In general prcd- 
ators arc larger and longer-lived than their 
prey. These properties tend to prevent 
small scale spatial and temporal irregu- 
larities from seriously influencing the 
predator populations. 

Predators in general have a lower rcpro- 
ductive rate than their prey. Variability 
is decreased by this reduction in reproduc- 

tive rate, presumably according to the pat- 

tern shown in Figure 11. 
We can tcntativcly conclude that actual 

variability in a natural community is trans- 
mitted through the food chain in much the 
same way as energy. Each species in the 
community is offered a certain amount of 
environmental variability, tither from the 
physical or biological environment. This 
variability may be amplified or reduced by 
that species as a function of its own in- 
trinsic variability. Certain general ob- 
servations on predators, which indicate that 
they have a low intrinsic variability, pre- 
sumably associated with low thermodynamic 
efficiency in energy conversion (MacArthur 
1955, Slobodkin 1953a) would seem to 
indicate a selective significance for com- 
munity stability during the course of evolu- 
tion, or equivalently a selective significance 
for population stability which has been of 
greatest effect on predator species. If 
predators, by and large, have lower intrinsic 
variability than their prey it bccomcs, of 
interest to discover, if possible, the cvo- 
lutionary conditions required for the de- 
velopmcnt of low intrinsic variability. That, 
is, is it conceivable that low variability as 
such might have a selective advantage? An 
animal characterized by low actual varia- 
bility in population growth will have a. 
lower rate of growth, lower reproductive) 
rate, and lower thermodynamic efficiency ini 
the conversion of food into protoplasm 
(Smith 1954). The interesting problem is 
how could an animal of this sort have a 
selective advantage over a mom rapidly 
reproducing, mom efficient animal of the 
same species. Lack (1954) has discussed the 
problem of the development of rclativcly 
IOW rcproductivc rates in populations of birds 
and small mammals and presents cvidencc 
which indicates that the survival of animals 
from large litters or broods is significantly 
lower than that of animals from smaller 
litters or brood. In effect, the large litters 
were too large to receive the amount of 
parental care per animal which would admit 
of optimal survival. He further notes that 
the clutch size of birds increases with lati- 
tude. He attributes this to the increased 
hours of daylight, permitting more time for 
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hunting of food by the parental birds. This 
viewpoint has been criticized by other 
authors (Skutch 1949) on the grounds that, 
parental birds do not seem to exert undue 
effort in the care of their young and probably 
could care for a larger clutch if their ac- 
tivities were more clearly focused on care of 
the young. Ignoring this kind of objection 
and assuming that litter or clutch size is 
actually hereditary to some degree, which 
is supported by evidence from domestic 
animals presented by Lack (1954), Lack’s 
argument is superficially a good enc. 

It can, however, be considered to bc part 
of a broader argument, which for the 
moment rests on fairly speculative grounds, 
but nevertheless can be stated in some detail. 
The basic problem faced by Lack is the 
apparent inconsistency bctwccn the general 
tenets of modern evolutionary theory, which 
would predict that an animal with a high 
reproductive rate would have a selective 
advantage over a member of the same 
population with a lower reproductive rate, 
all other conditions being equal, and the 
observed reduction of reproductive rates 
during the course of evolution in certain 
species. Arguments to the effect that 
territoriality, parental care, courtship bc- 
haviour, etc. arose through evolution for the 
“good of the species” are justly condemned 
by Lack and most other modern investi- 
gators as vitalistic, orthogenctic, and 
generally out of line with the modern 
philosophical approach to biological prob- 
lems. Several arguments have nevertheless 
been presented on sound theoretical and ex- 
perimental grounds which permit the de- 
velopment of a non-vitalistic approach to the 
problem of group selection. These examples 
will be discussed in order of generality, and 
the relevance of the present studies to them 
will then be introduced. 

Slobodkin (1953b) developed a hypo- 
thetical model in which a species was 
assumed to exist as a series of semi-isolated 
populations. Each one of these populations 
was assumed to be highly unstable, with a 
very high reproductive rate. It was further 
assumed that in the course of time each one 
of the semi-isolated populations would have 
become extinct, due to excessive population 

fluctuation, were it not for the arrival of 
migrants from the other semi-isolated popu- 
lations which either recolonized the localities 
suitable for the species or damped the 
fluctuations to some degree. If a mutant 
which has a lower reproductive rate (hence 
higher population stability) should arise, it 
would be eliminated by natural selection in 
favor of the more efficient and less stable 
form. IIowevcr, if the rate of migration 
between populations should now dccreasc, 
due to the development of barriers of some 
sort, the pattern of selective advantage 
would shift in favor of the less efficient, more 
stable form which was capable of persisting 
in one place without the arrival of new 
migrants. The conditions for the develop- 
ment of low reproductive rates, high 
complexity, low cfficicncy, and high popula- 
tion stability would be extreme isolation 
between colonies of the same species. 
Furthermore, unstable populations would be 
expcctcd to have mechanisms for rapid 
migration, or a resting stage to permit 
temporal redistribution, or both. (These 
mechanisms are discussed further in Slobod- 
kin 1954.) This basic argument permits 
further discussion of the evolution of popula- 
tion stabilizing factors without the omni- 
present trap of vitalism. 

On the basis of a simple mathematical 
analysis of the form of density dependence 
in various groups of species, Slobodkin 
(1953a) showed that a “social” species, 
defined as a species in which the density 
term in the population equation must be 
computed as a second or higher order 
function of the number of animals present, 
will come to equilibrium at a lower popula- 
tion size than a non-social species, and that 
the equilibrium value would be less de- 
pendent on alterations in the environment 
than it would be in a non-social species, all 
other factors being equal. 

This is essentially a simplified form of the 
argument developed by Smith (1954). 
Smith noted that over any long period of 
time the average increase of any population 
is approximately zero. Nevertheless, the 
“intrinsic rate of natural increase” (Andre- 
wartha and Birch 1954) differs widely from 
species to species. Smith considers that the 
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average “harshness” in some sense of the 
environment is proportional to the intrinsic 
rate of natural increase. That is, a spccics 
with a high intrinsic rate of natural increase 
is more often faced with the problem of 
rapidly taking advantage of an ecological 
opportunity than a species with a low 
intrinsic rate of natural increase In our 
notation this would be a species with a high 
actual and intrinsic variability. Con- 
versely, in the present experiments removal 
of the newborn has lowered the effective 
rate of increase and correspondingly reduced 
actual variability. 

Furthermore, behavioral complexity in a 
species, including such things as intelligence 
and alertness, clearly require energy. 
Energy so utilized is no longer available for 
growth or reproduction. Reduction of the 
intrinsic rate of natural increase is compen- 
sated for by further development of other 
aspects of the animals, all of which tend 
toward higher population stability. In this 
connection it should be recorded that many 
of the more bizarre forms of animal behavior 
and the extremes of slow dcvclopmcnt and 
low reproductive rate arc found in isolated 
island populations (for examples set Rich- 
dale 1952, Murphy 1936, Marshall 1954, 
Hutchinson 1954b, etc.). 

Nicholson (1954a), discussing his expcri- 
mental studies of predation in Lucilia 
cup&a says : “That the genetical compo- 
sitions of populations of the same species do 
often vary considerably from place to place 
is now well known; but natural selection 
(which governs these compositions) could 
not possibly produce and preserve the precise 
adjustment [between populations and their 
environment . . .]. To do so, it would often 
be required to operate in reverse by selcc- 
tively destroying any abnormally potent 
individuals which appeared ; for the prescrva- 
tion of these at the expense of the previously 
normal individuals by the characteristic 
process of selection would lead to pro- 
gressive and indefinite population growth, in 
the absence of some other mechanism with a 
compensatory influence.” In other words, 
the population control mechanism itself is 
subject to natural selection. 

All of these ideas are essentially equivalent 

to that of Lack if the stipulation is made 
that natural selection tends to favor the 
individuals with the greatest number of 
ultimate descendants, not simply the 
greatest number of offspring. The validity 
of this statement is tautological. 

If it be conccdcd that reduction of repro- 
ductivc rate increases population stability, 
then WC can consider that Figure 11 indicates 
the rate at which this increase of stability 
occurs. The animals which we rcmovcd 
from the populaGon can be interpreted as 
never having been born, from the standpoint 
of the remaining animals, although the 
energy used in their production is not 
available for further growth. In the case of 
the Duphnia populations, it has simply been 
lost, but in actual cases of evolutionary 
reduction of reproductive rates this energy 
would presumably bc available for further 
behavioral or morphological complexity. 

The interaction between environmental and 
population stability 

It has been noted that the seasonal ap- 
pearance of insects is corrclatcd with the 
seasonal breeding of the birds that will 
utilize them as food. When the insects are 
late, the breeding season of the birds is late, 
etc. (Lack 1954). This suggests a possible 
interpretation of some of the data found in 
the present experiments. We have previ- 
ously discussed the fact that the feeding 
capacity of Daphnia pulicaria increases 
approximately sevenfold from birth to 
maturity. In nature, Daphnia tend to be 
seasonally distributed, with the first young 
being born in the spring shortly before the 
initial vernal plankton bloom. In fact, it is 
not unreasonable to consider that the algal 
food supply available in a pond increases 
approximately tenfold between the time the 
first large group of Daphnia are born and the 
time at which they reach their adult feeding 
capacity. That is, the increase in feeding 
capacity with age, which tends to produce 
instability in the laboratory, will probably 
not produce a corresponding instability in 
nature since the natural cnvironmcnt may 
be expected to expand proportionately. 

It becomes of extreme interest to discover 
whether this relation between the expected 
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variability in the natural environment and 
the inherent variability of the population 
size is at all general. Data are not abundant 
but certain examples are available. Mem- 
bers of the genus Chydorus are small bottom 
feeding cladocerans that produce no more 
than two eggs at a time. These eggs are 
very large relative to the size of the adult,s. 
If we assume that the Chydorus are limited 
by food supply in the same way as daphnias, 
then we must consider that the lag effect 
involved in their increased feeding capacity 
as they grow larger is of the order of one to 
two. It might also be expected that the 
seasonal variation in food supply at a mud- 
water interface would not be so extreme as 
that found in the open water. Daphnia 
magna is a common, very large daphnid 
found in extremely small temporary ponds, 
whcrc very great food supply variability 
would be expected. The young of Daphnia 
magna are much smaller in relation to the 
adults than they are in Daphnia pulicaria. 
Accurate figures for the size of the newborn 
arc not available for enough species to 
carry this discussion much further. It is 
prcscnted as a possibility at the present 
time. The same relationship might explain 
in part the latitudinal differences in brood 
size found by Lack and would also explain 
the increase in clutch size of the European 
robin, Erithacus rubecula, and other birds 
found when passing from regions of oceanic 
climate to the central continental mass 
(Lack 1954)) in terms of the greater seasonal 
variation to be expected in a continental 
climate as opposed to an oceanic climate. 

A critical cast for this hypothesis which 
has not yet been analyzed would involve a 
species in which there is either no parental 
care for the young, as in reptiles, or in which 
parental care is not confined to the natural 
parents, as in ‘rafting’ of ducklings. If 
these should prove to have the same 
latitudinal variation in clutch size as has 
been found in species with parental care, 
then Lack’s hypothesis as stated must be 
considered incomplete. 

Relation between the experiments of Nicholson 
and Watt and the present studies 

Nicholson’s studies (1954a, b) consisted of 
maintaining Lucilia cuprina in situations in 

which either the larvae or the adults were 
limited in food supply, and in situations in 
which oviposition by the adults was made 
more difficult by interposing a screen be- 
tween the adults and the oviposition sites. 
In the normal population growth of Lucilia, 
extreme population fluctuations occur. 
These arc due to the fact that a very small 
number of females is capable of laying 
enough eggs to thoroughly saturate the 
larval food supply. The larvae completely 
exhaust the food supply and then an over- 
whelming majority of them die. As the 
number of adult animals is decreased by 
fishing, with imposed destruction of as much 
as 99 % of the emerging adult flies, the 
number of eggs laid is reduced sufficiently 
to greatly enhance the survival of the 
larvae, producing a compensatory increase in 
the pupal population. Situations in which 
the larval food was available in excess but 
in which the amount of protein food 
available to the adults was limiting were 
also highly resilient to the destruction of 
adults on emergence Population oscilla- 
tions were extreme in all but the situation in 
which 99 % of the emerging adults were 
destroyed and larval food was limiting. In 
an experiment in which larval food was 
limiting and adult protein was also re- 
stricted, population fluctuations were 
damped without any irnposed mortality . 
While the ecological differences between 
Lucilia and Daphnia make direct com- 
parisons difficult, several of the diffcrenccs 
between the experimental results are sig- 
nificant, in particular the extreme fishing 
intensity required to damp fluctuations in 
Nicholson’s experiments. In a situation in 
which the population is limited by larval 
food supply, an emerging adult has already 
made its most significant contribution to 
population density at the time of removal, 
and its removal would not be expected to 
dampen population fluctuations. It seems 
likely that the elimination of population 
fluctuations at 99% removal is due to the 
extreme reduction in the reproductive po- 

tential of the population and has nothing to 
do with density tirnc-lags dependent on 
growth rates. That is, sufficiently high 
destruction of the adults can alter the 
relative survival pattern so as to make 
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equilibrium possible. The relation between 
survival patterns, reproductive patterns, 
and the possibility of population equilibrium 
is discussed in Slobodkin (1955). 

The interaction between yield and fishing 
intensity in Nicholson’s study is almost 
identical with that reported in the present 
experiments, presumably because the main 
factor in the determination of yield was 
reproductive rate per individual rather than 
number of reproducing individuals in both 
s tudics. 

The experiments of Watt (1955) were 
done on flour beetles and were designed in a 
somewhat more complex pattern than either 
Nicholson’s studies or ours. Varying pcr- 
centages of the larvae and adults were 
removed simultaneously at thirty-day inter- 
vals. In addition, experiments wcrc con- 
ducted in which all the adults, all the pupae, 
and half the large larvae were removed at 
thirty-day intervals, the exploitation rate 
being calculated a posteriori. Each fishing 
level was replicated many times and the 
results are presented as averages of the 
replicates, making analysis of individual 
population variability impossible. The data 
are presented in the form of total standing 
crop only. So far as Watt’s complex design 
admits of brief summarization, the rate at 
which animals entered any stage, i.e. adults, 
pupae, or larvae, was directly and simply a 
function of exploitation rate. Total varia- 
bility was rneasured as distance between 
maximum and minimum productivity and 
total standing crop for thirty-day intervals. 
Measured in this way the variability of adult 
productivity increased with fishing intensity, 
but no other variabilities seemed to alter 
significantly with fishing rate. No tests of 
significance were applied to these relations 
by Watt, who has subjected his data to a 
detailed analysis using multidimensional 
matrices and has constructed a mathc- 
matical model using thirty-six parameters. 

We must conclude that due to differences 
in experimental material and experimental 
design, translation and interpretation of 
the results of any one of the three expcri- 
mental studies so far available in terms of 
any of the others is not particularly re- 
warding. The simple fact that all three 
situations demonstrate homeostasis in the 

response of populations to exploitation can 
be stated, but probably could have been 
stated a priori. It should also bc empha- 
sized that all three experiments contradict 
the simple exploitation models which have 
been based on the logistic curve, for the 
same reason that any experimental popula- 
tion of metazoa cannot bc reconciled with 
the predictions of the logistic curve; that is, 
age structure and the variation of physiology 
with age arc of overwhelming importance in 
the growth of populations of metazoa. 

The experiments of Nicholson and Watt 
do not contradict the conclusions which 
have been drawn from the present cxpcri- 
mcnts, but since the presentation of data in 
the three studies is not strictly comparable, 
they cannot bc considered to confirm them 
either. 

If this much variability and complexity 
can occur in the only three cxperimcntal 
exploitation studies which have as yet been 
completed, we must conclude that develop- 
ment of specific detcrtninistic or stochastic 
models is premature. We can hope that 
future experiments will suggest new ap- 
proaches and generalizations, but for the 
moment a general theory of exploitation 
seems further away than it did before the 
experiments were started. This in itself is 
probably a valuable conclusion to establish. 

CONCLUSIONS 

Removal of newborn animals at varying 
rates from populations of Daphnia pulicaria 
tends to reduce the size of the residual 
populations, but not in direct proportion to 
either the number or pcrccntage of the new- 
born animals that have been removed. 
This lack of direct proportionality can be 
accounted for in terms of a shift in the age 
structure of the residual population, an 
increase in the growth rate and reproductive 
rate of those that survive the fishing pro- 
cedure, and in their longevity. These effects 
can be adequately explained in terms of 
what is known of the dependence of Daphnia 
populations on the food supply per indi- 
vidual and the fact that removal of newborn 
individuals increases the available food 
supply for the animals that remain. Maxi- 
mum yield occurred when approximately 
90 % of the newborn .animals were removed. 
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As the removal rate increased, the absolute 
stability of the residual populations in- 
creased as did the stability per animal. The 
increased stability of the residual popula- 
tions was precisely compensated for by 
incrcascd variation in the yield from census 
to census. The variability of the total 
standing crop was unaltered by fishing. 

The ratio of yield variability to popula- 
tion-size variability plotted against the 
percentage of the newborn that were not 
removed divided by the percentage of the 
newborn that were rcmovcd, produced an 
equilateral hyperbola with focus at the 
point 1,I. The simplicity of this relation 
makes us suspect that it is not confined to 
Da.phnia pulicaria alone. 

Two general conclusions that are indi- 
cated but not unequivocally demonstrated 
by the present study arc that the observed 
low variability of populations of predators 
can be fitted into a general scheme of com- 
munity stability patterns and that it stems 
very likely that the positive feedbacks in 
any population are adjusted to the expected 
variability in the environment of that 
population in nature, so that a highly 
variable system in the laboratory may not 
depart from equilibrium with the cnviron- 
ment in nature. 

Comparing these studies with other pub- 
lished experimental work on fishing labora- 
tory populations, it was found that dif- 
ferences in the published results to date only 
emphasize the diversity to bc expected in 
an exploitation system and accentuate the 
need for further experimentation as a pre- 
requisite for general theory development. 
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